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Cells can sense surface topography of the surround extracellular matrix (ECM) and can respond to these physical cues by altering their alignment and migration. [ 1 , 2 ] Furthermore, these topographic features can manipulate cell proliferation and differentiation. The fundamental mechanisms of these cell-surface interactions are still not fully understood. Over the last two decades, due to the growing interests in tissue engineering, signifi cant advances have emerged in microfabrication techniques for generating well-defi ned surface topographies that infl uence cellular responses at the micro-and nanoscale. [ 3 ] For instance, endothelial cells showed restricted orientation and alignment corresponding to microgroove features. [ 4 ] Additionally, it has been demonstrated that microstructures displaying stripes, squares, and spiral geometries infl uence endothelial cells orientation and fi brillin. [ 5 ] In another study, fi broblasts responded to micropatterned pits of varying diameters by altering their migration and proliferation according to the topography. [ 6 ] A growing body of literature has demonstrated that the spatial patterning of cellular behaviors, such as proliferation and differentiation, is believed to be important during tissue development. [7] [8] [9] The pattern may be induced by soluble and diffusible morphogens, adhesion to the ECM and mechanical stress. Among them, mechanical stress recently has been increasingly recognized as an important player in cellular behaviors and morphogenesis. [ 10 ] The mechanical stress can arise from the cytoskeletal tension within tissues, which can be determined by the geometry of the tissue, since the formation of any architectural structure is the consequence of a dynamic process towards equilibrium of physical forces. [ 8 , 9 ] To our knowledge, most of the studies so far have utilized two dimensional (2D) platforms with simple geometries such as grooves and ridges, an inherent limitation of previous microfabrication techniques. However, cells grown on 2D surface can lose their essential cellular functions that are in the tissues, display considerably different morphology, and differ in cell-cell communication, cell-ECM interactions. [ 11 , 12 ] This issue can only be solved by using 3D cell culture systems. It can mimic the tissue-specifi c architecture, mechanical cues and cell-cell interactions, which might be either lost or impaired in 2D systems, and thus bridges the gap between cell culture and live tissue. [ 13 , 14 ] It was reported that the introduction of specifi c 3D conformations may guide internal mechanical stress patterns that could further impact cell behavior. [ 9 ] In this work, we demonstrate a novel 3D biofabrication approach based on a digital-mirror device (DMD), called dynamic optical projection stereolithography (DOPsL) ( Figure 1 ). If compared to other emerging nanofabrication technologies, e.g. scanning electron-beam lithography, focused ion-beam lithography, and two-photon polymerization, the DMD-based lithography technologies provides superior processing speed (as it manipulates images using a million pixels rather than one focused point) and thus is more suitable for manufacturing large-area microstructures. Although the DMD based lithography has been well recognized as a promising maskless optical lithography (MOL) technology, [ 15 ] the report on DMD based stereolithography is still rare. Here we propose the DMD based DOPsL for biofabrication of complex 3D extracellular microenvironments. Compared to previous DMD-biofabrication methods, which are limited to simple geometries, [16] [17] [18] this robust and versatile platform has implications in studying 3D geometric and mechanical cues in vitro as well as generating complex 3D designer scaffolds for implantable constructs in vivo.
Extracellular microenvironment fabrication: We used the DOPsL fabrication platform to create various extracellular microenvironments. To highlight the versatility of the system, we fabricated various shapes and topographic features that have potential applications in chip-based cell research ( Figure 2 ). We used a PEGDA-based prepolymer solution as lithographic material. A microwell CAD model was sliced into 100 layers and processed through the DOPsL setup. Samples were fabricated after 12 seconds of UV-light exposure, which is signifi cantly faster than other stereolithography techniques, e.g. two-photon polymerization which take several hours or longer to fabricate a similar 3D sample. Four kinds of microwells, including stepwise, spiral, embryo-like and fl ower-like microwells, were fabricated on a single chip (Figure 2 b-e). The surfaces of stepwise, spiral and fl ower-like microwells were very smooth, whereas the surfaces of embryo-like microwells were somewhat rough due to proximity effects. Inverses of these microstructures were also developed ( Figure 2 f-i). The size of the bio-chip is around 4.6 mm × 3.5 mm with each microwell of approximately 200 μ m. Through step and print, the bio-chip size can easily be increased to cm even larger. These microwell bio-chips could be used as biomimetic in vitro microenvironments for cell biology research.
One of the distinct features of the DOPsL is the light based, non-contact fabrication scheme that is capable of manipulating soft biomaterials. In the experiments, we successfully fabricated ultra-soft hemispheres using 20% PEG prepolymer solution, a common biomaterial and hydrogel precursor. In order to characterize the features of hydrogel microstructures with high water content, we entrapped a fl uorescent probe inside the scaffold and then used confocal microscopy to facilitate imaging. 0.02 wt% FITC-labeled polystyrene beads (200 nm size) were mixed with the 20% PEGDA (MW 700) prepolymer solution before the UV exposure. Scaffolds were fabricated in a similar manner as previously described in Section 3.1 and analyzed under confocal microscopy. In Figure 3 a, the fabricated hemisphere structure was visualized using 3D volume rendering of confocal z-stacks via Image-J software. One can see that the surfaces of hemispheres are very regular and smooth which means the DOPsL platform can process well ultra-soft biomaterial for tailoring complex extracellular environments.
Characterization of stiffness profi le: Due to the importance of ECM stiffness in directing cell morphology and development, fl uorescein amidite-labeled monoacryloyl-RGD (Arginine-Glycine-Aspartic Acid) peptide (FAM-RGD) is used as acrylated fl uorescent probe to evaluate the optical pattern for exposing the top layer affected the other layers below in an additive manner and resulted in a gradient stiffness profi le (due to a gradient in the degree of crosslinking).
Cell-material interactions: To test the cellular response in vitro, we seeded two cell types (HUVECs and NIH-3T3) onto our fabricated structures and monitored cell morphology and cellmaterial interactions. HUVECs cells were seeded onto the gradient hemisphere structures consisting of 15% GELMA, which is a widely used scaffold material for tissue engineering applications due to its support of rapid cellular proliferation and reorganization. The cells were stained for F-actin and nuclei and fl uorescent images were taken using confocal microscopy. After 4 days of culture, HUVECs recognized the geometries introduced, and displayed nice alignment around the circumference of the lower part of the hemispheres ( Figure 4 a-b) . Moreover, cord-like structures were also observed (indicated by arrows in Figure 4 c). The cells in the gaps between the hemispheres showed normal morphology similar to normal 2D culture on a fl at surface (Figure 4 d) , which is interestingly different compared to the cells growing on the curvature. By providing the HUVECs with geometry cues in addition to cell adhesion sites, we demonstrated the potential to manipulate HUVECs morphology and guide multicellular organization.
the cross-linking profi le, and therefore stiffness, inside our fabricated scaffolds.
FAM-RGD was modifi ed by acrylate-PEG-succinimidyl valerate to become photopolymerizable. We used DOPsL to fabricate scaffolds with the macromer solution containing approximately 0.12mM monoacryloyl-PEG-RGD-FAM. After fabrication, the scaffolds were rinsed extensively in PBS overnight before taking the confocal microscopy images. The heat map generated according to the fl uorescent intensity indicated a gradient of cross-linking inside the scaffold (Figure 3 b) . The fl uorescent signal came from the monoacryloyl probe chemically linked to the scaffold during the polymerization, and thus is directly related to the cross-linking density. The fl uorescent signals showed a decreasing trend from the center towards the outside of the structure, with the strongest signal in the center, matching with simulated results (Figure 3 b outset) . In the fabrication of the microstructures, the UV penetration depth was relatively deep as we used a low-concentration dye. Therefore, 
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The cell alignment at the edge was disrupted and the cells were prone to form a cell sheet to cover the pocket area with strong cell-cell interactions ( Figure 5 f) . With the alteration of the size of the well opening, we demonstrated the potential to guide and manipulate cell-cell interactions and multicellular organization.
To conclude, we have demonstrated a new stereo-biofabrication method called DOPsL. We were able to rapidly (within seconds) fabricate complex 3D microarchitectures with designer geometries using soft, degradable biomaterials (20% PEDGA and GelMA), though the system can be adapted to any photosensitive biomaterial and any CAD design, a key feature of the versatile platform. The in vitro results revealed that the scaffolds have promising capability to guide and manipulate cell-cell interactions and multicellular organizations. Such a rapid biofabrication technology has strong potential to evolve chip-based cell research from 2D substrates to 3D biomimetic microenvironments, and additionally, to generate designer 3D scaffolds for tissue engineering implants. Figure 1 shows the schematic diagram of the proposed DOPsL platform. The system mainly consists fi ve parts: 1) UV light source; 2) computer for sliced image-fl ow generation and system synchronization; 3) DMD chip for optical pattern generation; 4) projection optics; 5) stage for sample position control.
Experimental Section
The light beam from the UV source is collimated and illuminates the DMD chip. As a spatial light modulator, the DMD chip (constituted by To further assess our platform, we performed similar cell study with NIH-3T3 mouse embryonic fi broblast cells on the microwell structures ( Figure 5 a) . 3T3 cells were harvested and seeded onto the microwell structures fabricated with 20% PEGDA (MW 700) supplemented with 2mM acrylol-PEG-RGDS as the cell adhesion ligand. Cells were cultured for 4 days before fi xing and stained for F-actin and nuclei. Similar to the natural polymer GELMA scaffolds, scaffolds consisting of the synthetic material, PEGDA functionalized with RGDS, were also capable of supporting cells adhesion and proliferation (Figure 5 b) . Interestingly, cells were restricted to inside the microwells of the size around 250 microns, and were well aligned on the walls of the microwells and formed complex multicellular structures. Using confocal microscopy, we reconstructed the multicellular structure within the fabricated microstructures. 3D renderings revealed a bowl-like multi-cellular structure inside the wells, which closely mimicked the feature of microwell itself (Figure 5 c) . Furthermore, images at different z-positions illustrated that cells could sense and respond to the varying sizes of the opening, and thus form different multicellular structures ( Figure 5 d-f) . At the top of the construct (well size ∼ 250 microns), cells followed very strict alignment on the edge of the well without cell-cell interactions in the pocket area ( Figure 5 d) . In moving to a lower z-position, the size of the well opening effectively decreased. In the middle of the construct (well size ∼ 160 microns), increasing cell-cell interactions and more complex multicellular structure were detected in the pocket area ( Figure 5 e) . At the bottom of the microwell construct, we noticed signifi cantly different cell-cell organizations. approximately one million micro-mirrors) modulates the light beam to generate an optical pattern identical to that transmitted from the control computer. Thereafter, the optical pattern is projected into photosensitive material through a projection lens system. In order to make the sample exposed at the right image plane, a computer controlled stage is used to position the sample (holder) at specifi c locations. The key part of such a fabrication scheme is the DMD chip. The micro-mirrors of the DMD chip can be fl ipped under computer control in extremely high speed (the whole pattern of micro-mirrors can be switched over in 30 μ s).
In order to make a complex 3D microstructure, a custom-designed model is built by using CAD technology and then sliced into a series of digital images. With a control computer and in-house developed software, those images are automatically loaded one-by-one into the DMD chip and then projected into the photoresist to form 3D microstructures through a continuous, layer-by-layer polymerization process. In order to project the image on the corresponding layer, the sample (holder) is synchronically positioned by using a motorized stage. Compared with regular projection stereolithography, the DOPsL method offers much more fabrication fl exibility and faster process speed due to the use of abundant virtual masks. In principle there is no limitation of structure geometry for this method. However, current setup is not recommended to fabricate 3D suspended microstructures due to the relatively long depth of focus.
Prepolymer solution preparation : Poly (ethylene glycol) diacrylate (PEGDA, Mw = 700), acrylic acid (AA), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, free-radical quencher) and 2-Hydroxy-4-methoxybenzophenon-5-sulfonic acid (HMBS) were purchased from SigmaAldrich. Photoinitiator Irgacure 2959 and TINUVIN 234 UV-dye were obtained from Ciba Chemistry. TINUVIN 234 and HMBS, which were used in 100% PEGDA and 20% PEGDA prepolymer solution respectively as UV-absorbing agents, were used to reduce the curing depth of the monomers and adjust the thickness of the microstructures in the fabrication process. TEMPO, on the other hand, enhances the contrast of the UV-curing process and optimizes feature resolution at the projection plane. To prepare the 100% PEGDA solution, fi rst, 5% (w/v) acrylic acid (AA) was mixed with 95% (w/v) PEGDA. Gelatin methacrylate (GelMA) was synthesized as described previously. [16] The prepolymer solution was prepared by mixing 15% (w/v) GelMA with 1% (w/v) Irgacure 2959, 0.1% (w/v) HMBS, 0.01% TEMPO in PBS with the presentation of calcium carbonate microparticles to increase the stiffness of the structure.
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